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Introduction {#sec1}
============

One ground-breaking polymer class with high relevance to the electronics and energy systems are conducting polymers (CPs), where conductivity is often enabled by the macromolecules possessing π-conjugation in polymer backbones ([@bib10], [@bib14], [@bib39], [@bib41]). CPs have been crucial for a host of new applications owing to the adjustable conductivity and optical properties. However, their applications in energy storage devices ([@bib32]) are not as good as that in organic light-emitting diodes ([@bib7]) or photovoltaic devices ([@bib36]). Although p-type CPs have been researched as electrode materials for Li-ion batteries and supercapacitors, their performance was influenced by the insufficient reversibility and limited degree of doping as well as the electrochemical stability caused by the overoxidation ([@bib22]). Meanwhile, n-type π-conjugated polymers also suffer from inevitable challenges such as low redox potentials and environmental instability ([@bib17], [@bib34]).

Recently, a particularly promising strategy is the introduction of functionalized anions into CP matrixes so as to enhance the electronic conductivity and tailor their redox potentials and specific capacities, where the redox mechanism of CPs is transformed from p-type doping of large anions to n-type doping of small cations ([@bib29], [@bib30], [@bib31], [@bib40]). Thus, the above-mentioned barriers could be effectively overcome since CPs doped by functionalized anions could simultaneously achieve better electrochemical utilization and cycling stability. The incorporation of functionalized dopants is an alternative and simpler strategy for the improvements of basic characteristics of CPs since most of monomers can be directly used without the complicated synthetic procedures. There are several advantages of these doped CPs ([@bib29]), including (1) providing abundant redox sites for the energy storage, (2) working as reaction mediators to facilitate the electron transfer, and (3) more chemically and electrochemically stable than intrinsic n-type and p-type polymers. Therefore, this promising strategy is expected to provide a mass of materials useful for electrocatalysis and energy storage devices ([@bib33]).

These surface-doped conjugated polymers are especially suitable as a free-standing catalytic electrode for the application in Li-O~2~ cells, which urgently need to face several major challenges such as high overpotentials, limited cycling life, and low rate capability ([@bib4], [@bib9], [@bib21]). These challenges are mainly caused by the insulating nature of discharge products Li~2~O~2~ in non-aqueous solutions. The extra energy for the decomposition of Li~2~O~2~ can simultaneously lead to Li~2~CO~3~ formation and electrolyte decomposition, accompanying with side products accumulating on the electrode surface ([@bib23], [@bib24], [@bib27]). In fact, inorganic catalysts have been widely adopted to combine with carbon matrices to facilitate the decomposition of products ([@bib23], [@bib37]). However, parasitic reactions at the Li~2~O~2~/carbon interphase as well as the decomposition of electrolyte are inevitable owing to their unselective catalytic activity ([@bib15]). As for this new type of CPs-supported heterogeneous catalyst, their surface conductivity and catalytic activity can be easily controlled by the types and doping levels of redox-active dopants ([@bib25], [@bib29], [@bib33]). Moreover, since these dopants containing catalytically active centers are molecularly dispersed on the CPs surface, they can provide a lot of homogeneous redox sites for the formation and decomposition of Li~2~O~2~. Meanwhile, the protective layers of CPs have been reported to effectively suppress side reactions at the carbon electrode/organic electrolyte interface and improve the cycling performance of Li-O~2~ cells ([@bib1], [@bib15]).

Hence, we proposed a controllable electrochemical method to introduce functionalized anions in CP matrixes for an adjustable electrochemical performance. The polycarbazyl (PCz) is electro-doped by Fe(CN)~6~^3−^ (FCN) and PO~4~^3−^ (PO) ions with different ratios. The FCN ions are adopted to improve the conductivity of PCz and provide abundant redox-active sites for electrochemical processes. As for the assistant dopants of PO, they can effectively prevent the saturation of FCN content in the PCz matrixes and the attenuation of electrochemical responses. The synergistic effect of two dopants convert the ion exchange mechanism of PCz from a p-type behavior into a stable cation inserting/expulsing behavior. With carbon nanotube (CNT) films as the substrate, the obtained composite of CNT/PCz:FCN is directly adopted as a free-standing electrode in Li-O~2~ cells. The electrochemical results of a low charge plateau, a regular growth of capacities and an enhanced cycling performance, are achieved by the bifunctional catalysis and high stability of PCz:FCN coatings.

Results {#sec2}
=======

In fact, the ion transport processes of polypyrrole (PPy) bulk doped with FCN ions during the polymerization has been researched in earlier reports ([@bib30], [@bib31], [@bib40]). Those results demonstrated that, when FCN ions were immobilized in PPy matrixes by the electrostatic interaction, the redox switching of doped polymers could be easily realized by the d--π electronic transitions. Simultaneously, an n-type doping behavior has been discovered that the cations were inserted to compensate the negative charge generated by FCN ions.

In this work, a controllable electrochemical method is proposed for the doping of FCN ions on the surface of PCz after the polymerization. This method is beneficial to control the doping levels and semiconductor properties of the composite, which are important evidences to explain how to achieve a preferable electrochemical performance. In addition, the stabilizing effect of PO dopants is definitely emphasized for the stability of electrochemical responses that is still identified as a problem for bulk-doped CPs ([@bib16]).

The Mechanism of Transformation of Ion Transport Processes of Surface-Doped PCZ {#sec2.1}
-------------------------------------------------------------------------------

The electrochemical polymerization of PCz films is demonstrated by cyclic voltammetry (CV), and the ongoing doping/dedoping processes are *in situ* monitored by the electrochemical quartz crystal microbalance (EQCM) method. The PCz films were prepared by 10 successive voltammetry cycles with a scan rate of 0.1 V s^−1^ so as to obtain a thin and uniform polymer film. As the first scan shown in [Figure 1](#fig1){ref-type="fig"}A, the only anodic peak around 0.9 V corresponds with the formation of cation radicals, which tends to form the main product 3,3′-bicarbazyl ([@bib13]). Since 3-3′-dicarbazyl is more readily oxidized than carbazole, the increasing peak currents around 0.6 V demonstrate that the degree of polymerization increases with repetitive scans. It is worth mentioning that irreversible peaks at −0.05 V may be caused by oxygen species of the Au electrode, simultaneously appearing in CV curves of as-synthesized PCz.Figure 1Polymerization and Redox Properties of Doped/Undoped PCzVoltammograms in a 0.1 M LiClO~4~/acetonitrile solution of (A) the polymerization of carbazole monomers from −0.6 to 1.0 V vs. Ag/Ag^+^ at a scan rate of 100 mV s^−1^ and (B) the redox properties of doped/undoped PCz from −0.4 to 0.7 V vs. Ag/Ag^+^ at 50 mV s^−1^. Gravimetric responses and corresponding voltammograms in different voltage range as well as schematic diagrams of the charge compensation of (C and E) undoped PCz and (D and F) surface-doped PCz.

The second doping process of as-synthesized PCz is realized by the potentiostatic methods in aqueous solutions with FCN as redox-active dopants and PO as assistant dopants (see [Figure S1](#mmc1){ref-type="supplementary-material"}). The electrochemical performance of surface-doped PCz was monitored in nonaqueous solutions, and thus the release of dopants could be effectively suppressed because of their poor dissolubility. Different redox properties in [Figure 1](#fig1){ref-type="fig"}B imply that ClO~4~^-^ anions doping process of undoped PCz around a higher potential of 0.6 V may be fully restricted for the surface-doped PCz. Moreover, the EQCM results also reveal the opposite trend of mass changes for two electrodes ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Owing to intrinsic properties of the p-type semiconductor, the mass of PCz could increase with the inserting of anions when it is oxidized. On the contrary for surface-doped PCz, an apparent reduction peak and an increase of mass at negative potentials suggest that it shows a stable n-type behavior.

The EQCM methods are always adopted to explore charge compensation mechanisms of CPs through linking mass changes to contributing counter ions as well as solvent molecules ([@bib12]). The mass change per unit area (Δm/ng cm^−2^) is determined via the resonant frequency change (Δf/Hz) on the basis of the well-known Sauerbrey equation (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}), where a proportionality factor of 6.838 ng cm^−2^ Hz^−1^ was obtained for the numeric conversion of 8 MHz AT-cut quartz crystals. To further study ion transport processes, EQCM responses were recorded in a limited voltage range corresponding to the reversible redox peaks in [Figure 1](#fig1){ref-type="fig"}B. The voltammetry curves and the corresponding Δm versus V plots are presented in [Figures 1](#fig1){ref-type="fig"}C and 1D. The observed behavior in [Figure 1](#fig1){ref-type="fig"}C is typical for p-type PCz films, where the mass of the electrode is increased with enhanced anodic potentials by the incorporation of ClO~4~^-^ anions. The equivalent molar mass (M) was obtained by the slope of Δm-Q plots based on the Faraday\'s law ([Figures S2](#mmc1){ref-type="supplementary-material"}B and [2](#fig2){ref-type="fig"}C). This value of M is 35.82 g mol^−1^ for anions when losing one electron and deviates from the molar mass of ClO~4~^-^ anion (99.5 g mol^−1^), implying a limited doping level of 0.36 in the p-type PCz as illustrated in [Figure 1](#fig1){ref-type="fig"}E. As reported, this phenomenon may be caused by the compensation of co-ion transfer in the opposite direction or the mass loss of p-type polymers due to the overoxidation ([@bib5], [@bib35]). As for the surface-doped PCz films, the increase and decrease of mass are discovered, respectively, in cathodic and anodic scans, which demonstrate an n-type doping behavior with the exchange of cations. The doping level of cations depends on the content of FCN dopants on the basis of the charge compensation mechanisms ([Figure 1](#fig1){ref-type="fig"}F). It is difficult to confirm the molar mass of cations for the interruptions of solvent molecules, whereas the carbazole/FCN ratios will be discussed in later sections.

The Synergistic Effect of Two Dopants on the Adjustable Electrochemical and Semiconducting Performance {#sec2.2}
------------------------------------------------------------------------------------------------------

We investigate the effect of two dopants of FCN and PO as well as their concentrations in solutions and present a quantitative study of semiconducting properties (including flat band potentials, carrier concentrations, and band gaps) using electrochemical techniques and spectroscopy. The voltammetry curves of PCz doped respectively and simultaneously by FCN and PO ions with the substrate of a glassy carbon electrode are shown in [Figure 2](#fig2){ref-type="fig"}A. Although the dopant of FCN is crucial to the electro-activity, it can cause a peak separation and a higher asymmetric redox peak as illustrated when used as the only dopant. Similar results have also been reported that polymer films could be saturated with FCN ions, leading to the attenuation of electrochemical responses ([@bib30]). The synergistic effect of two dopants is attributed to the stabilization of PO on the doping processes since we found mixed solutions did not experience a degradation process with obvious color changes that appeared in pure solutions of FCN ([Figure S3](#mmc1){ref-type="supplementary-material"}). The influence of the concentrations of FCN in mixed solutions is illustrated in [Figure 2](#fig2){ref-type="fig"}B. The concentration of PO ions in mixed solutions is always 0.1 M and the concentrations of mixed solutions correspond to that of FCN ions. As illustrated, the peak currents increase regularly with increasing concentrations of FCN, which implies that a higher doping level may be achieved by more dopants in doping solutions.Figure 2The Electrochemical and Spectral Responses of PCz Doped by Two Dopants with Different Ratios(A and B) Voltammograms of PCz films undoped and doped by (A) pure and mixed solutions as well as (B) mixed solutions with different concentrations on the substrate of a glassy carbon from -0.4 V to 0.9 V vs Ag/Ag^+^ at 20 mV s^-1^.(C) UV-vis absorption spectra and (D) corresponding energy level diagram of PCz films doped by different mixed solutions on the ITO substrate.(E and F) Mott--Schottky plots of PCz films (E) undoped and (F) doped by pure and mixed solutions on the substrate of a glassy carbon.

The UV-visible spectrum of electro-deposited films on the indium tin oxide (ITO) substrate ([Figure 2](#fig2){ref-type="fig"}C) is attributed to the π-conjugation of PCz and colorful dopant of FCN. The tiny blue shifts of the maximum of absorption at nearly 314 and 420 nm and the lost peaks of 0.1 M mixed solutions at 218 and 268 nm may imply the enhancement of dopant-to-ligand (d-π) charge transfer transitions and the weakening of π-π^∗^ electron transition ([@bib38]). Moreover, the obviously increased absorption intensities mean that increased concentrations definitively lead to a higher doping level. The optical band gap (Eg) of surface-doped PCz was obtained from (αhν)^2^∼hν curves, and the values of Eg were estimated from the extrapolation of the linear region ([@bib26]) ([Figure S4](#mmc1){ref-type="supplementary-material"}). The band gaps of PCz films doped by different solutions range from 2.3 to 2.7 eV. The lowest unoccupied molecular orbital energy levels, obtained from reduction onset, keep at around 4.25 eV from vacuum. Thus, the highest occupied molecular orbital energy levels can be calculated from the above data and vary from 6.55 to 6.95 eV ([Figure 2](#fig2){ref-type="fig"}D), which is expected to make n-type CPs stable during the charging of Li-O~2~ cells under oxygen environments owing to the ability of standing a pretty high overpotentials ([@bib6]).

Mott-Schottky (M-S) measurements were implemented to study the semiconducting nature such as flat band potentials (V~FB~) and densities of charge carriers. M-S plots are always adopted to describe variations of space-charge capacitance, which is constructed by the M-S equation ([@bib11]):$$\frac{1}{{C_{SC}}^{2}} = \frac{2}{ɛɛ_{0}eN}\left( {V - V_{FB} - \frac{kT}{e}} \right)$$where C~sc~ is the capacitance of the space charge region, ɛ is the dielectric constant of the polymer, ɛ~0~ is the permittivity of free space, N is the carrier density (electron donor concentration for an n-type semiconductor or hole acceptor concentration for a p-type semiconductor), V is the applied potentials, and V~FB~ is the flat band potential. The positive and negative slopes of M-S plots indicate, respectively, n-type and p-type conductance, and the size of these slopes determine densities of charge carriers in the semiconductor. If we take α as the slope of the straight line of 1/C~sc~^2^ versus V plots, then the carrier density can be obtained with the following equation:$$N = \left( \frac{2}{ɛɛ_{0}e\alpha} \right)$$

Therefore, as illustrated in [Figures 2](#fig2){ref-type="fig"}E and 2F, the undoped and surface-doped PCz exhibit, respectively, a p-type and n-type behavior. Simultaneously, the carrier density is inversely proportional to the slope of the straight line and the variation of relative slopes indicates that the densities of donor carriers of doped PCz are higher than that of accepter carriers of undoped PCz. Moreover, higher doping levels can further improve the densities of charge carriers ([Figure 2](#fig2){ref-type="fig"}F), which has also been reported that conductivity of CPs can be varied over orders of magnitude ([@bib18]). The V~FB~ of PCz is determined by the intercept of linear regions of plots on the horizontal axis and the values range from 0.1 to −0.14 V for different doping solutions. The V~FB~ is necessary to reduce the band bending to zero, and the distance between V~FB~ and orbital energy levels can create a relaxation effect. The decrease of V~FB~ for n-type semiconductor can shorten the above-mentioned distance of energy levels and facilitate the transfer of charge carriers ([Figure 2](#fig2){ref-type="fig"}D). Hence, the excellent electrochemical performance of PCz doped by two dopants is attributed to better n-type semiconducting properties, including more charge carriers, lower flat band potentials, and higher band gaps.

The Surface Composition and Doping Levels of CNT/PCz:FCN Composites {#sec2.3}
-------------------------------------------------------------------

The CNT/PCz:FCN composite was prepared directly as the air electrode since CNT films can provide large surface area for the deposition of PCz and improve the conductivity of the whole electrode for better rate capability. The polymerization and doping processes of the as-synthesized composite are the same as that on substrates of glassy carbon and ITO. To examine the surface morphologies of composites, transmission electron microscopy (TEM) was carried out. As the TEM images show in [Figures 3](#fig3){ref-type="fig"}A and 3B, the surface of CNT fibers appear to be amorphous without obvious lattice fringes and covered by an organic coating layer, which is expected of PCz:FCN composites. For the determination of the thickness of coating layers, we chose a small region where the CNT fiber was not fully covered by the polymer. As is pointed with the red lines in [Figure 3](#fig3){ref-type="fig"}B, several lattice fringes imply the border of nanotubes with smooth side walls, and the thickness of surface-doped polymers based on the homogeneous part of coating layers is estimated to be 4 nm. The element distribution on the surface was investigated by energy-dispersive X-ray spectroscopy (EDS). There are obvious distributions of Fe and N elements along nanotube fibers according to the EDS observation ([Figure S5](#mmc1){ref-type="supplementary-material"}). In addition, the new peaks at 2,054 and 1,022 cm^−1^ in Fourier transform infrared spectra ([Figure S6](#mmc1){ref-type="supplementary-material"}) are, respectively, responding to the --CN group of Fe(CN)~6~^3−^ and the --PO group of PO~4~^3−^ ([@bib2], [@bib28]). Thus, we confirmed qualitatively the composition of CNT/PCz:FCN composites as in the schematic diagram in [Figure 3](#fig3){ref-type="fig"}C, although polymer layers are not ideally uniform because of the main existence of PCz as oligomers.Figure 3The Characterization and Quantitative Analysis of Composites(A--C) (A and B) TEM images and (C) corresponding schematic diagram of the surface composition of the CNT/PCz:FCN composite.(D--I) (D) Survey XPS spectra and (E--I) N 1s XPS spectra of the doped/undoped CNT/PCz composites.

For the quantitative study of doping levels in the PCz, X-ray photoelectron spectroscopy (XPS) was performed at the CNT/PCz composites, which are undoped and doped by 0.01, 0.05, 0.1 M mixed solutions and a 0.1 M pure FCN solution. As illustrated in [Figure 3](#fig3){ref-type="fig"}D, element contents of Fe and N of samples increase regularly from the bottom up in the following order: undoped, doped by 0.01 and 0.05 M mixed solutions, doped by pure FCN solutions, and 0.1 M mixed solutions. Since the C-N bonds appear simultaneously in PCz and FCN, the N 1s spectrum was analyzed as the main evidence to estimate molar ratios of the unit of PCz and dopants. For the undoped sample ([Figure 3](#fig3){ref-type="fig"}E), the peak at 400 eV corresponds to the organic C-N bond in the penta heterocycles of carbazole molecules, and two peaks over 401 eV indicate the higher valence of carbazole. The new peak at 398 eV for doped samples represents the inorganic C-N bond of Fe(CN) ~6~^4−^/Fe(CN)~6~^3−^ ions. With the increase of doping contents in [Figures 3](#fig3){ref-type="fig"}F--3I, the stronger new peak for dopants at 398 eV, the weaker peak for carbazole molecules over 400 eV. The molar ratios of Cz:FCN were estimated from the relative area of peaks for different C-N bonds and the growth trend of molar ratios is the same as that of Fe contents in the polymer ([Figure S7](#mmc1){ref-type="supplementary-material"}). The lowest and highest ratios of 1:0.48 and 1:1.80 were obtained for the PCz doped by 0.01 and 0.1 M mixed solutions, and similar ratios of 1:0.88 and 1:0.94 were obtained for that doped by 0.05 M mixed solutions and 0.1 M pure FCN solutions. Thus, we can draw a conclusion that doping levels of PCz can be effectively controlled by the types and concentrations of dopants via the first polymerization and second doping processes. Moreover, the CNT/PCz:FCN composite with the stabilization of PO is promising to apply in the Li-O~2~ cells owing to the high surface area, quick electron transfers, and abundant redox sites on the composite surface.

The Controllable and Preferable Electrochemical Performance of CNT/PCz Composites {#sec2.4}
---------------------------------------------------------------------------------

The redox properties of CNT/PCz:FCN composites are consistent with the above-mentioned results of PCz:FCN composites ([Figures 4](#fig4){ref-type="fig"}A and 4B), accompanying with a significant n-type behavior and an increase in doping levels. Meanwhile, CNT/PCz composites doped by mixed solutions have lower redox potentials without any peak separation existing in that doped by pure FCN solutions. Although an apparent increase of current densities was discovered at the same scan rate in [Figure 4](#fig4){ref-type="fig"}A, a polarization phenomenon of potentials happened between oxidation and reduction peaks, which was probably caused by enhanced contents of dopants in the CNT/PCz composite.Figure 4The Redox Properties and Conductivity of Different Composites(A and B) Voltammograms of PCz films undoped and doped by (A) mixed solutions with different concentrations as well as (B) the pure solutions for comparision on the substrate of CNT films from 2.7 V to 4.0 V vs Li/Li^+^ at 20 mV s^-1^.(C and D) Complex plane impedance plots around open circuit potentials of the CNT/PCz composites undoped and doped by (C) mixed solutions with different concentrations as well as (D) the pure solutions for comparision.

The charge transfer process and electronic conductivity of CNT/PCz:FCN composites are definitely crucial for their applications to energy storage systems. Therefore, EIS measurements were conducted at the composite/electrolyte interface. The equivalent circuit model we chose includes two resistances in parallel with respective constant phase elements (CPEs), which has been reported for the composite electrodes of carbon materials and polymers as illustrated in [Figure S8](#mmc1){ref-type="supplementary-material"}A ([@bib3], [@bib8]). As for CNT films covered by organic semiconductor coatings, the electrical circuit of Rsc//CPE is proposed in series with that of Rct//CPE, where Rct is the resistance of charge transfer at the contact interface of composites and Rsc is the resistance of space charge layer for redox processes ([@bib42]). The impedance data were definitely fitted to the electrical circuit Rs-(Rct//CPE~1~)-(Rsc//CPE~2~) by means of complex nonlinear least squares (CNLS, [Figures S8](#mmc1){ref-type="supplementary-material"}B and [S9](#mmc1){ref-type="supplementary-material"}). The complex plane impedance plots are shown in [Figures 4](#fig4){ref-type="fig"}C and 4D, and results from the CNLS fitting are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. In the high-frequency part, the curved region of impedance plots is related to the charge transfer process, and a slight increase of Rct (varying from 32.40 Ω/cm^2^ to 41.84 kΩ/cm^2^) in [Figure 4](#fig4){ref-type="fig"}C implies that a higher doping density can influence the charge transfer at the interface, which may lead to the above-mentioned polarization of potentials in CV curves. However, the decrease of impedance data over the low-medium frequencies is pretty evident and the values of Rsc range from 44.92 to 1.66 kΩ/cm^2^ via deeply doping processes, illustrating that the conductivity of PCz can be effectively improved. This result is consistent with the improvement of carrier concentrations and related to the variation of the distance between V~FB~ and orbital energy levels. To determinate the respective effect of two dopants on the electrochemical process, we carried out EIS tests on CNT/PCz composites doped by pure solutions ([Figure 4](#fig4){ref-type="fig"}D). The PO ions can reduce the Rct in semicircle regions of impedance plots to facilitate the charge transfer compared with undoped samples. Although FCN ions increase the Rct, it can greatly decrease the Rsc over the low-medium frequencies for redox processes of organic polymer layers, proving that it works as a crucial dopant to improve the conductivity of PCz. Considering the prior effect of FCN ions on the redox properties and conductivity of CNT/PCz composites, the little impact of FCN on the charge transfer process at the composite interface can be avoided since the whole electrochemical performance is preferable for the catalytic process in Li-O~2~ cells.

The Bifunctional Catalysis and the Protective Effect of PCz:FCN Coatings in Li-O~2~ Cells {#sec2.5}
-----------------------------------------------------------------------------------------

The CNT film covered by n-type organic coatings is adopted as a free-standing electrode in Li-O~2~ cells to improve the electrochemical performance and cyclability. The galvanostatic charge-discharge profiles in [Figure 5](#fig5){ref-type="fig"}A were obtained in the electrolyte of 1 M LiClO~4~/DMSO with a limited capacity of 1,000 mAh/g~CNT~ at a current density of 0.1 mA/cm^−2^ (about 200 mA/g~CNT~), where the CNT film occupies at least two-thirds of the amount of electrodes. The reduced overpotentials and enhanced energy efficiencies are definitely achieved by further doping processes, and the biggest drop of charge voltages is 0.48 V compared with that of the pristine CNT film. The carbon electrode covered by organic coatings has been reported in Li-O~2~ cells to lead to a somewhat lower discharge capacity due to the decrease of active surface areas ([@bib15]). On the contrary in our work ([Figure 5](#fig5){ref-type="fig"}B), discharge capacities of surface-doped samples can be regularly enhanced with the values ranging from 1,800 to 4,800 mAh/g~CNT~, which may be attributed to abundant electro-active sites and increased doping levels of PCz:FCN coatings. The SEM images of discharge products are shown in [Figure S10](#mmc1){ref-type="supplementary-material"}. Small disc-shaped Li~2~O~2~ particles were accumulated in the gaps among the CNT fibers for the pristine CNT electrode. With the coating of doped polymers, the morphology of Li~2~O~2~ tends to be big and toroidal, which is beneficial to the formation of products and improvement of discharge capacities ([@bib20]).Figure 5The Charge-Discharge Data and DEMS Analysis of Composite Electrodes in Li-O~2~ Cells(A) First cycle of Li-O~2~ cells using different CNT/PCz:FCN composite electrodes at a current density of 0.1 mA cm^−2^ for the limited capacity of 1,000 mAh g~CNT~^−1^.(B) Full cycle of Li-O~2~ cells at 0.1 mA cm^−2^.(C) Schematic diagram of bifunctional catalysis of FCN dopants on the charge-discharge process.(D) Cycle performance of Li-O~2~ cells using the CNT/PCz composite electrode doped by a 0.1 M mixed solution for 500 mAh g~CNT~^−1^.(E and F) *In situ* DEMS measurements of Li-O~2~ cells using (E) the pristine CNT electrode and (F) the CNT/PCz:FCN composite electrode during the charge process.

The schematic diagram of the bifunctional catalysis of CNT/PCz:FCN composites during charge-discharge processes is illustrated in [Figure 5](#fig5){ref-type="fig"}C. When Fe(CN)~6~^3−^ ions are first electro-reduced during discharging, they can combine with lithium ions (Li^+^) and then provide reactive sites for reduced oxygen species to facilitate the formation of main products Li~2~O~2~. However, as illustrated in [Figure S11](#mmc1){ref-type="supplementary-material"}, Fe(CN)~6~^3−^ ions cannot always catalyze the reduction of oxygen since discharge voltages are discovered to be slightly improved at the beginning of discharge. This result implies that, when the products Li~2~O~2~ cover the surface of composite electrode, Fe(CN)~6~^3−^ ions cannot combine with the Li^+^ ions and oxygen. Simultaneously in the charge process, the Fe(CN)~6~^4−^ ions are first electro-oxidized on the surface of electrodes; then it catalyzes the decomposition of Li~2~O~2~, generating O~2~ by chemical oxidation. The charge transfer at the composite/electrolyte interface and the conductivity of PCz is very critical to ensure the bifunctionality of redox dopants during electrochemical processes, which has been proven to be feasible through the verification of CV and EIS results.

Another important property of organic coatings was pointed out by some researchers that this protective layer can enhance cycling life by the suppression of side reactions between the carbon electrode/organic electrolyte and carbon electrode/Li~2~O~2~ interfaces ([@bib1], [@bib15]), which is a serious challenge for carbon materials to apply to Li-O~2~ cells. In addition, surface-doped PCz synthesized in our work has been proven to be beneficial to the electrochemical stability at higher voltages. Thus, an excellent cycling performance was obtained with the electrode of the CNT/PCz composite doped by a 0.1 M mixed solution, maintaining a constant capacity and the most of charge voltages under 4.0 V over 150 cycles ([Figure 5](#fig5){ref-type="fig"}D). The charge overvoltages definitely increased after cycles, which is a common result for the solid catalysts in Li-O~2~ cells ([@bib19]) and may be caused by the accumulation of side products.

The verification of the protective effect of PCz:FCN coatings was realized via *in situ* differential electrochemical mass spectrometry (DEMS) tests, which were performed on the charging of pristine CNT films and CNT/PCz:FCN composites. As illustrated in [Figures 5](#fig5){ref-type="fig"}E and 5F, when charging the cells with different electrodes to the original discharge capacity in Ar, variation trends of the gas evolutions of O~2~ and CO~2~ are clearly different from each other. During the charging process for the pristine CNT electrode ([Figure 5](#fig5){ref-type="fig"}E), the gas evolutions of O~2~ and CO~2~ appeared simultaneously at the beginning of the voltage rise, which indicates the existence of parasitic reactions that are caused probably by the instability of carbon materials. In comparison, during a gentle voltage rise around a low platform for the CNT/PCz:FCN electrode ([Figure 5](#fig5){ref-type="fig"}F), only the evolution of O~2~ was detected owing to the catalysis of PCz:FCN composites. Then a sudden voltage rise at the end of charging accompanied the evolution of CO~2~. This is an inevitable voltage polarization that can lead to the decomposition of electrolytes, which also appears in other solid catalysts and can be effectively solved by the incorporation of soluble catalysts. Although we did not carry out the quantitative study of ratios of electrons per gas molecule, this qualitative result of DEMS can strongly support the effect of a PCz:FCN coating on the enhanced cycling performance in Li-O~2~ cells.

Discussion {#sec3}
==========

In fact, the introduction of functionalized dopants in the CPs matrixes during the polymerization has been investigated as an effective strategy to obtain a bulk-doped polymer with high conductivity and stability ([@bib29]). Nevertheless, in electrocatalysis and energy storage systems, the insufficient utilization of redox dopants and the attenuation of electrochemical responses are inevitable challenges for bulk-doped polymers since the selectivity and doping levels of different dopants are hard to control during the polymerization.

In this work, we demonstrated the feasibility of a controllable electro-doping strategy after the polymerization with FCN dopants as redox-active centers and PO dopants as structural stabilizers, where the doping levels and semiconductor properties of surface-doped PCz are effectively adjusted to obtain a preferable electrochemical performance. A stable cation inserting/expulsing behavior of this composite is verified by EQCM measurements. When using the CNT films as the free-standing substrate, the CNT/PCz:FCN composite is definitely suitable to work a highly active catalytic electrode in Li-O~2~ cells. The molecule-level dispersed FCN dopants on the surface and the whole conductivity supported by the CNT fibers make sure this composite owns the bifunctional catalysis and provides abundant redox sites to facilitate the formation and decomposition of products Li~2~O~2~. Simultaneously, the organic protective coatings can obviously suppress the side reactions of carbon materials and expand their application in the electrocatalysis under the oxidation environment.

Limitations of Study {#sec3.1}
--------------------

We believe this organic-inorganic hybrid design can become a promising strategy not only for Li-O~2~ cells but also for other electrocatalysis and energy storage systems since it can effectively improve the conductivity, redox activity, and electrochemical stability of CPs and provide more flexible selectivity of organic materials. Nevertheless, the nanostructures of polymers and the ratios of multiple dopants could be further optimized for the better electrochemical performance. Moreover, the catalytic mechanism of this composite in electrochemical systems could be further investigated with more *in situ* methods.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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